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t. Introduction
admixtures are by-products of other industries, these waste Issues concerning the durability of bridge decks have been of great concern 10 civil engineers and highway agencies. Many have proposed the use of supplementary ccrncntitious materials to alleviate these concerns. It is important to establish how these materials can improve the durability of concrete. Research concerning the use of mineral admixtures to augment the properties of concrete has been going on for many years, Recently, the use of mineral admixtures has dramatically increased due to an increase in environmental awareness. Higher early strength can be found in some modern cements due to more Ca(O H)z formation , but this may adversely effect the durability and cost of concrete [ 1] . Since many mineral by-products can be used 10 reduce the amount of cement required, thus, in some cases reducing the cost of the concrete. Mineral admixtures such as silica fume, fl y ash, and ground granulated blast fu rnace slag should be studied in order to understand their ability to enhance the properties of concrete. Each of these supplementary materials possesses different properties and reacts differently in the presence of water.
Silica fume possesses a bu lk density ra nging from 200 to 300 kglm J and a specific gravity of approximately 2.20. It was first utilized in the 1970s as an additive in the concrete used to constmct of the Fiskaa Smelter [2] in Norway. The addition of si lica fume increases the earl y strength of concrete while reducing its penneability l3]. Si lica fume serves a dual role as a fill er and pozzolan [2] . Due to its small particle size, it can enter the spaces that exist between the particles of cement to improve packing. It contributes to the fomwtiOI1 C-S-H. Potentially, silica fume could replace small portions of cement due to its high reactivity with calcium hydroxide produces during the hydration of Portland cement. It may reduce bleeding and porosity as a result of its fineness. However, the properties of silica fume are enhanced by the presence of superplasticizers in the mix. The resistance of silica fume to freeze -thaw cycling is unclear.
Recommendations concerning the use of fly ash in concrete have been made suggesting the use of 40% or less. Furthermore, if early strength is not an important factor, fly ash as high as 60% can be used [4] . Unlike silica fume, fly ash mixes require longer periods of time to develop strength. It is shown that at 91 days, the strength of mixes incorporating fly ash outperform speci mens made without additives [5] . Compared to silica fume, fly ash mixes using excessive amounts of highranged water-reducing (HRWR) agent may cause segre gation of different materials, resulting in lower strength. The reduction in porosity of concrete incorporating fly ash can be linked to improvements that occur on the interfa cial transition zones between the cement matrix and the aggregate. The reaction of CH and fly ash forms CSH gel, which results in increased compressive strengths. On the downside, fly ash tends to have a low reaction rate when used as an admixture in Portland cement mixes. At 28 days, the degree of fly ash reaction rate is slightly more than 10% [6 -9] . Furthermore, only 20% of the fly ash reacts after 90 days. One explanation for the low activity of fly ash at room temperature is that the pH of the solution 13 does not meet the requirements of fly ash, 13.3 [10] .
Slag forms as a waste product from both ferrous and nonferrous metals industries. High-slag-cements have low strength at early ages. This is due to the slow hydration reaction of slag. Unlike fly ash, slag's reactivity is dependent more on temperature [11, 12] . Two processes govern slag's reaction rate during the initial period of hydration. The first is the nucleation and the growth rate of hydration phases. These compounds are then trans formed into CSH gel. The second is the phase boundary interactions or the interactions that occur between the old compounds and the newly formed compounds. It has also been found that the initial rate of hydration is dependent on the initial lime content. This can be observed in the sharp decreases in the free lime contents that occur in high-lime slag mixes during the first day of hydration [13] . These compounds or hydrates are generally more gel-like in structure than the products of Portland cement. These hydrates add to the density of the cement paste. Also the hydration of slag, in the presence of Portland cement, depends greatly upon the breakdown and disso lution of glassy slag structures by hydroxide anions (OH)
� . This ion release occurs during the hydration of cement. ASTM C989 recommends the use of the slag activity index as a basic criterion for evaluating the value of cementitious materials [11, 14, 15] . Research show that high contents of slag, as high as 65%, after 28 days of hydration provide the lowest overall rate of degradation and the best overall durability of concrete exposed to magnesium brine [16] .
Concrete that has the ability to resist the destructive forces imposed upon it, by environmental constraints and without requiring excessive maintenance, is termed durable concrete. Factors such as freeze -thaw and wet -dry cy cling can cause deterioration of concrete in a relatively short period of time. Therefore, concrete durability is directly correlated to its state of deterioration. The water present in concrete, exposed to freezing conditions, under goes an expansion process. This is primarily due to the 9% expansion of the water in the concrete [17] . As the water in the moist concrete freezes, it produces osmotic and hydraulic pressures in the cement paste and the aggregate. As these pressures increase, micro-cracks begin to form and finally rupture. Rupture occurs as the pressure exceeds the tensile strength of the paste or aggregate. Resistance to freezing and thawing depends on many factors: permeabil ity, degree of saturation, amount of freezable water, and rate of freezing. Freeze -thaw resistance can be increased with the selection of good quality aggregate, the low water/cement ratio, the right amount of cement content, and the proper curing conditions. Wet -dry cycling con ditions can contribute to the deterioration of concrete. This primarily occurs with brackish waters having high salinity. Over time, the salt incorporates into the mix through the voids that naturally occur in the concrete. The salt then attacks the bond in the concrete, thereby causing the mix to develop cracks and eventually fail. This can also be detrimental to a concrete mix containing steel, since steel is susceptible to corrosion.
The most important design parameter for concrete struc tures is compressive strength. This critical parameter drives the design process and can influence the cost of a project. Through the use of certain mineral admixtures, the cost of concrete can be reduced. These admixtures also enhance the properties of mortar or concrete. In some cases, a boost in early strength becomes apparent, while in others, an increase in late strength occurs. Also, from an environmental stand point, the use of these materials is paramount, since the production of cement creates substantial amounts of pollu tion. This research intended to expand the knowledge concerning the proper use of these admixtures in concrete cured for a short period, in addition to determining the combined effects of these materials on the properties of concrete.
Experimental procedure

Specimens preparation
The test specimens were cast from 16 separate batches of concrete: one control, nine mixes containing different percentages of silica fume, slag, and fly ash, and six mixes made of combinations of the cement, silica fume, and fly ash. The chemical compositions and some phys ical properties of the supplementary cementitious materi als are shown in Table 1 . The mix design ratio of the concrete was cementitious materials/sand/gravel/water (1.0:2.1:2.9:0.40 by weight). Type I ASTM cement was used. The fine aggregate consisted of 40% natural river sand and 60% manufactured sand. The coarse aggregate consisted of gravel with a maximum size of 12 mm. The amount of superplasticizer added was between 1.5% and 2.5% by weight of the cementitious materials. The superplasticizer, manufactured by W.R. Grace, contained 40% air entrainment. In the combination mixes, the amount of cement was kept constant at 50% by mass of the cementitious materials. The combination mixes were designated as A, B, C, D, E, and F. The mix proportions of these mixes were as follows: cement/silica fume/fly ash/slag (50%:10%:15%:25% for Mix A, 50%:5%:10%:35% for Mix B, 50%:7.5%:12.5%: 30% for Mix C, 50%:0%:10%:40% for Mix D, 50%:0%,20%:30% for Mix E, and 50%:0%:25%:25% for Mix F). Details of all mixes are shown in Table 2 .
In each mix, specimens were divided into three groups: control, wet -dry, and freeze -thaw specimens. In each group, beams measuring 3 x 4 x 16 in. and cylinders measuring 4 x 8 in. were made. The reported strength values represented the average strength of three speci mens. All specimens were moist cured for 14 days before testing or before they were subjected to the environmen tal conditions. The cylinders and beams were then placed in their respective testing chambers and the required test cycles were run.
The following describes the procedure used for mixing all samples:
• Measure all the mix ingredients in the proportions and make sure that all the metal instruments and tools are moist (mixing drum, trowels, mixing trays, and rods). This ensures that the moisture content is not drastically reduced by the properties of the metallic instruments. In addition, make sure that there is no standing water in mixing drum or pans.
• Place the coarse aggregate into the mixing drum and then add the fine aggregate (natural and manufactured sand). Turn on the mixer and allow it to mix for 1 min.
• Mix the cementitious components (slag, fly ash, silica fume, and Portland cement) together in a container. Stop the mixer and then place the cementitious materials into the mixing drum followed by adding half of the liquid. The liquid is prepared by adding the required superplasticizer to the measured water.
• While the mixing drum is running, pour the liquid deep into the mixer. It is preferable to pour the liquid directly into the mix if possible.
• After 1 min of mixing, add the rest of the liquid and mix for another 5 min.
• Lower the handle of the concrete mixer and pour the contents out into a moistened pan.
The workability and consistency of the concrete mixes were measured using the slump cone test ASTM C143-89a [18] . After the slump test was completed, the specimen molds were oiled and placed on a leveled surface to be filled with the concrete mixture. The specimens were cast in accordance with ASTM C192-88 [19] . Plastic sheets were used to cover the specimens to prevent the water from evaporating. After 24 h, the specimens were striped from their respective molds and placed in water to cure for 14 days. Following the casting process, all instruments were cleaned thoroughly including the mixer and prepared for the next mix.
Freeze -thaw test (ASTM)
The standard freeze -thaw test entails subjecting the specimen to 300 cycles of rapid freezing and thawing conditions. The guidelines of the ASTM C666 procedure ''Standard Test Method for Resistance of Concrete to Rapid Freezing and Thawing'' were used [20] . The freez ing and thawing machine consists of a stainless steel cabinet with 18 compartments for 3 x 4 x 16 in. beams. The temperature at the center of the control specimens ranges from 40 to 0 jF. The cabinet contains 3 in. of insulation on all sides and a refrigeration unit mounted on the underframe. Controls and a 7-day temperature recorder can be located at the end of the cabinet. The machine uses several mechanisms to measure the resistance of the concrete specimens to freezing and thawing conditions. Specimens are subjected to freezing and thawing condi tions, while surrounded by 1/8-in. layer of water. The specimens undergo a maximum nine cycles of freezing and thawing per 24-h period. Simultaneously, a continuous record of the temperature at the center of the control specimen is plotted on a 7-day recording chart.
After every 25 -30 freeze -thaw cycles, the specimens were tested for fundamental transverse frequency accord ing to ASTM C215. The specimens were weighed and measured for average length and cross-sectional dimen sions. The process continued until either 300 cycles of freezing and thawing were completed or until the dynamic modulus of elasticity fell below 50%. This test is quanti tative in nature and highly repeatable.
Wet -dry test
The cylinders were placed in a specially constructed environmental chamber, located in the Materials Lab at the Civil and Environmental Engineering Department of UAH. Cylinders were exposed to 300 cycles of wetting and drying. The wet -dry environmental chamber is schemati cally shown in Fig. 1 . This chamber utilized two pumps and an industrial dryer to cycle the cylinders constantly. This constant cycling was achieved by connecting the pumps and dryer to a series of timers set to activate at specified times. The cylinders were subjected to salt water environments in which there were alternating wet and dry cycles (hot air at 35 jC average and 90% humidity). Seawater was simulated using 35 g of salt (NaCl) in a liter of water. This approximates the content of salt found in the ocean. The duration of the wet cycle was 4 h. The dry cycle was 8 h. Thus, the cylinders were exposed to a total of 150 days of testing. After exposure, the cylinders were tested in compression to determine the strength properties.
The compression test was performed using a 400 kips standard ASTM compression tester, manufactured by For ney. The cylinders were capped with sulfur to ensure that the specimens were axially loaded. The cylinders were placed in the machine ensuring that they were directly Fig. 1 . Schematic of the wet -dry exposure set up.
under the center of both the top loading cell and the bottom plates. They were then loaded at a rate of 200 psi per minute until failure.
Results
Effect of supplementary cementitious materials on strength
The addition of silica fume produced the highest increase in strength when compared to the other supplementary cementitious materials (fly ash, slag, and combinations), as shown in Fig. 2 . With the addition of 8%, 10%, and 15% of silica fume, the compressive strength increased by 33%, 32%, and 21%, respectively. Addition of 8% of silica fume by mass is the optimum content that produced the highest increase in strength.
The increase in strength of silica fume concrete could be attributed to the improvement in the bond between the hydrated cement matrix and the aggregate. This is due to the conversion of calcium hydroxide, which tends to form on the surface of aggregate particles to calcium silicate hydrate. However, when the dosage of silica fume increases beyond 10%, the compressive strength starts to decrease. This reduction in strength may be a result of the lack of water in the mix since self-desiccation of the specimens may have taken place. This limits the pozzolanic effect and thereby reduces the strength of the silica fume concrete.
Although, the present work did not study the increase of water demand for silica fume concrete, water amount can increase as much as 30% depending upon the amount of silica fume in the mixture [21 -23] .
The addition of slag resulted in a modest increase in strength. Concrete with cementitious materials of 70% slag seemed to produce the optimum strength as compared to mixes with 60% and 80% slag. The addition of 70% slag resulted in an increase in strength of about 15% over plain concrete, whereas 60% and 80% slag resulted in about 5% increase.
The addition of fly ash exhibited a reduction in com pressive strength. The compressive strength was reduced by as much as 50% with the addition of 30% fly ash. This reduction in strength is attributed to the fact that specimens were cured for a short period of time, only 14 days. Because of the slow pozzolanic reactions of fly ash, continuous wet curing and favorable curing temperatures are required for proper development of strength. Some fly ashes require 90 days or more to equal or exceed a 28-day control strength [24] . It should be noted that fly ash has been used in the production of high-strength concrete when it is cured for a long period of time.
The combination of different supplementary materials increased compressive strength (Fig. 2) . The combination of 10% silica fume, 25% slag, 15% fly ash, and 50% cement, Mix A, produced an increase in strength of about 22% over the control mix. However, a combination of 5% silica fume, 35% slag, 10% fly ash, and 50% cement (Mix B) produced a reduction in strength of about 15%. The combination of fly ash, slag, and cement (Mixes D, E, and F) did not show significant effects on the strength. There was a reduction of about 5%, which is statistically insignificant.
Effect of freeze -thaw conditions on strength
The freeze and thaw test can be ideal for determining relative durability. It is not intended for quantitative analysis but rather to compare the durability performance of different mixes. However, the extent of service of a particular type of concrete cannot be determined. The durability factor value reflects the required number of freezing and thawing cycles to yield a particular amount of deterioration. The relative dynamic modulus of elasticity of the beams, which is used to calculate the durability factor, is determined by measuring g the resonant frequency with a sonometer and can be determined as follows [20] :
where P c = relative dynamic modulus of elasticity, after c cycles of freezing and thawing (%). g 0 = fundamental trans verse frequency at 0 cycle of freezing and thawing (Hz). g 1 = fundamental transverse frequency after c cycles of freezing and thawing (Hz). The fundamental transverse frequency was determined in accordance with ASTM C215 ''Standard Test Method for Fundamental Transverse, Longitudinal and Torsional Reso nant Frequencies of Concrete Specimens'' [25] . The dura bility factor was calculated as follows:
where DF = durability factor of the test specimen. P N = relative dynamic modulus of elasticity at N cycles (%). N = number of cycles at which P N reaches the specified minimum value for discontinuing the test or the specified number of cycles at which the exposure is to be terminated, whichever is less. M = specified number of cycles at which the exposure is to be terminated. Fig. 3 represents a qualitative estimate of the durability performance of all beams, while Fig. 4 represents the graphs used to determine the durability factors. The durability factor is found by determining the number of cycles (N) at which the relative dynamic modulus of elasticity reached 50% ( P N ). By substituting these values into Eq. (2) and dividing the result by the total number of cycles (M), the resulting values of the durability factor are determined. The relative dynamic modulus of elasticity can be plotted by computing the values of the fundamental transverse fre quency found at an initial number of cycles (g 0 ) and at some specified number of cycles (g c ), then the results are substi tuted into Eq. (1) to obtain the resulting relative dynamic modulus of elasticity.
Results showed that the control samples (COL) pos sessed higher resistance to freeze -thaw exposure than Fig. 3 . Durability factor for control and mixes with supplementary cementitious materials. mixes with supplementary cementitious materials. The closest in durability performance to the control specimens was the mix that contained 8% silica fume. However, increasing content of silica fume beyond 8% seemed to drastically decrease the durability performance. Thus, the durability of concrete containing silica fume is inversely proportional to the amount added. Concrete containing 8% silica fume exhibited a 2-fold increase in durability per formance over specimens containing 10% and almost a 13 fold increase over those with 15%. Specimens with slag performed better than those with fly ash. Results showed no correlation between the contents of slag and the durability factor. Other studies have shown that mixes containing higher than 60% slag may have a higher frost resistance [26] .
It appears that the greater the amount of fly ash, the lower the resistance to freeze and thaw exposure. The difference in durability performance between the mix containing 20% fly ash and 25% fly ash is small; however, the difference between the mix containing 25% fly ash and 30% fly ash is significant. It is crucial to note that these mixes were cured for only 14 days before exposure. The results may have been quite different if the specimens were cured for a longer period of time.
The second highest average durability factors occurred in the combination mixes. On the average, Mixes A, B, and C performed better than most mixes containing a single admixture. This may be attributed to the fact that the interaction of silica fume, slag, and fly ash resulted in a more stabilized mix. Finding an optimum mix ratio that produces the best durability performance would require further research. In addition, more work should be done to fully understand the reactions and interactions that occur between these various admixtures.
Effect of wet -dry exposure on strength
The compressive strength of plain concrete specimens decreased due to wet -dry cycling using salt water (Fig. 5) . The compressive strength was reduced by as much as 13% due to this exposure. Test results show that by increasing silica fume content, the durability resistance to wet and dry seemed to increase compared to the control specimens (specimens without exposure). The compressive strength of specimens containing 8% silica fume was reduced by as much as 10%; however, this reduction was seemingly reversed in specimens with silica fume contents greater than 8%. A moderate increase in strength of about 2% and 6% was exhibited in specimens with 10% and 15% silica fume, respectively.
Mixes with fly ash and slag showed significant increase in strength due to wet -dry exposure. There was a positive correlation between the increase in strength and the contents of fly ash and slag in the concrete mixes. For specimens containing 20% fly ash, the increase in strength was about 16%, whereas specimens with 30% fly ash experienced an increase in strength of over 30%. For specimens containing 60% slag, the increase in strength due to wet -dry exposure was about 18%, whereas specimens with 80% experienced an increase of about 25%. Specimens with different combi nations of silica fume, fly ash, and slag also showed increases in strength. Specimens with the largest amount of fly ash, Mix A (10% silica fume, 15% fly ash, and 25% slag), showed the largest increase in strength, about 15% as shown in Fig. 5 .
The reason for this significant increase in strength of specimens containing fly ash and slag is that wet and dry exposure provided these specimens, which contain pozzo lanic materials, a longer curing time. Pozzolanic materials require a longer curing time than control specimens, more time to cure and to develop strength. It is hard to quantify the effect of salt water on strength; however, it is clear that the long-term exposure, the frequent wet exposure, and the high drying temperature contributed to the development of strength of these specimens. This explains why slag has been used in seawater environments for many years, typi cally for the construction of onshore and offshore rigs [26] .
Conclusions
This research focused on studying the effects of different supplementary cementitious materials on strength and du rability of concrete cured for a short period of time (2 weeks only).
The optimum compressive strength was achieved by adding 8% SF. However, as the silica fume content in creased beyond 10%, the compressive strength decreased. Mixes containing slag experienced a moderate increase in compressive strength. The optimum compressive strength for slag mixes was obtained by replacing 70% of the cement with slag. As the amount of cement replaced by fly ash increased, the compressive strength decreased. Mix A, with a combination of 10% silica fume, 25% slag, and 15% fly ash, showed the highest increase in strength.
The freeze -thaw durability of the control beams was much better than the rest of the beams. The beams contain ing fly ash performed quite poorly. However, mixes con taining slag and those with combination performed consistently well when exposed to freeze and thaw con ditions and when compared with mixes with fly ash.
The compressive strength of the control specimens decreased due to wet and dry exposure. The silica fume cylinders exhibited an increase in strength when its content exceeded 8%. More significant increases were observed in the fly ash and slag cylinders over the control specimens. This was due to the fact that slag and fly ash cylinders require a longer curing period. It was clear that long-term exposure of frequent wet and dry cycles contributed to the development of strength of these specimens. This was especially true for the combination mixes, which showed a substantial increase in strength.
It is very important to note that this study conducted on specimens cured for a short period of time; the results may have been completely different if the curing period was much longer. This study and results from others indicate that in order to fully benefit from the addition of these supple mentary cementitious materials to concrete, a long curing period is necessary.
